Abstract-The influence of time, ambient concentration, and medium composition on selenite (Se(IV)) uptake by the unicellular green alga Chlamydomonas reinhardtii has been investigated. The aims of the performed experiments were to describe the kinetics of accumulation, to characterize transport capacities, to identify key nutrients influencing absorption, and to establish links between speciation and bioavailability. Our results suggested that the adsorbed fraction was negligible compared to the absorbed one. Over the short time scale considered, the absorption was linear with time, with an estimated conductance of approximately 0.2 nmol/ m 2 /h/nM. Uptake was proportional to ambient levels in a broad range of intermediate concentrations (from nM to M). However, conductances were higher at low concentrations (ϽnM) and then decreased with increasing concentrations (ϾM). These results suggested that a specific but rapidly saturated transport system was involved at low concentrations, coupled with a nonspecific one that was only saturated at high ambient concentrations (ϳmM). The latter could involve transporters used by anionic macronutrients, which is supported by the fact that increasing sulfate and nitrate concentrations induced significant inhibition of Se(IV) uptake. Finally, Se(IV) speciation changes caused by varying pH did not significantly affect bioavailability.
INTRODUCTION
Selenium is an essential micronutrient that is characterized by a very narrow nutritional concentration range before becoming toxic. Among other roles, selenium is required for optimal growth of many plants and algae, including Chlamydomonas reinhardtii [1] . In this unicellular green alga, a glutathione peroxidase containing selenocysteine residues at the active site is induced by selenite (Se(IV)) and acts against oxidative stress, inhibiting the damage caused by hydroperoxides [1, 2] . Selenium is released in freshwaters primarily as inorganic forms (Se(IV)) and selenate (Se(VI)) from both natural and anthropogenic sources and is distributed unevenly in the environment. Its typical concentration in unpolluted freshwaters is in the nanomolar range [3] . It can become highly toxic to aquatic life, inducing severe environmental consequences [4] . Selenium pollution is now considered to be a global environmental issue [5] . Based on the literature for algae [6] [7] [8] and the results of our own experiments [9, 10] , direct effects of selenium on the phytoplankton biomass are not expected to occur in the environment, because growth inhibition only appears at high dissolved Se(IV) concentrations (ϳM). However, algae can accumulate, transform, and transfer large quantities of selenium [7, 8] . Recent field studies have shown that processes controlling inorganic selenium uptake at the base of the food web determine how selenium affects aquatic ecosystems [11] . Dietary proteinaceous forms of selenium are more available and more toxic to higher organisms compared with waterborne, inorganic forms [4, 12, 13] . Hence, the poisoning of the upper trophic levels in selenium-contaminated systems is thought to result from the bioconcentration of se-* To whom correspondence may be addressed (christelle.adam@irsn.fr).
lenium by primary producers and the subsequent biomagnification of the more toxic, organic forms up the aquatic food chain [5] . Selenium uptake in algal cells thus is critical to its transfer and effects in aquatic ecosystems. The most significant oxidation states of inorganic selenium within the natural oxic freshwater pH-electrochemical potential (ph-Eh) domain are the oxyanions Se(IV) and Se(VI); the dominance of one or the other form is determined by the initial form released to the environment, pH, Eh, and the redox reaction kinetics. It is believed, however, that selenium contents in organisms and its toxicity are principally linked to the concentration of Se(IV) in water, because this form is scavenged from water and transformed to organoselenium to a greater extent than Se(VI) [14] . In particular, both Se(IV) and Se(VI) are accumulated by algae, but Se(IV) has been shown to be accumulated more readily than Se(VI) into phytoplankton [7, 12, 15, 16] , particularly at the low ambient concentrations of selenium normally found in the environment (ϳnM) [14] . We thus focused our investigations on Se(IV) uptake.
Many studies concern the biological uptake and toxicity of metals characterized by a tendency to form cationic species, but few deal with the uptake of those mainly forming oxyanions, such as Se(IV) [17] . However, the latter often are very mobile, bioavailable, and potentially toxic. Little is known about their general behavior concerning the transfer through biological membranes, but this behavior is expected to be very different from that generally known for cations. First, the adsorption to the cell wall is expected to be lower for anions than for cations because of the predominance of negatively charged groups at the cell surface, tending to attract cations while repelling anions; negatively charged groups are mainly amino and carbonyl components of structural proteins and the carboxyl groups of polysaccharides. This repulsion is expected to be lower in low-pH waters, because protonation of the anionic functional groups reduces the negative potential at the biological surface, facilitating adsorption. Chloride-specific ion channels generally are permeable to several other anions, but generally not to those that are the size of oxyanions. Sulfate, phosphate, nitrate, and carbonate species are transported through other poorly selective carriers. Because of their similar chemical behavior, membrane transport of contaminants forming oxyanions (molybdenum, vanadium, chromium, arsenic, antimony, and selenium) may involve these anionic transport systems [17] . Hence, nutrients in solution could directly affect the accumulation of oxyanions by competition for the same assimilation pathways [18] . Eutrophication thus can have consequences both on the phytoplankton biomass and on the accumulation of trace metals, hence modifying the pool of contaminants taken up by phytoplankton. Clearly, a need exists to study trace metal-macronutrient interactions, which may have substantial implications for our understanding of traceelement biogeochemical cycling in freshwater systems [19, 20] . Many studies of metal accumulation or toxicity have found that the total aqueous concentration of the metal is not a good predictor of its bioavailability. Uptake generally depends on the metal's speciation, which itself depends on physicochemical parameters [21] . Thus, much research conducted in the past decades has been dedicated to prediction of the speciation of cationic metals and to establishing links between speciation and availability to aquatic organisms; predictive models, such as the Free Ion Activity Model or the Biotic Ligand Model, have resulted from these investigations. However, few studies have explored the relationships between the speciation of anionic contaminants and bioavailability, and to our knowledge, the applicability of the above models has not yet been tested for anions.
Keeping in mind the environmental interest of predicting Se(IV) fluxes in freshwater ecosystems and their dependence on the physicochemical characteristics of the medium, we studied the dependence of Se(IV) accumulation (both adsorption and absorption) on time, ambient concentration, different nutrient concentrations, and pH using the unicellular green alga C. reinhardtii as a test organism. Links between Se(IV) speciation and bioavailability, as well as possible mechanisms for the transport of Se(IV), also were investigated.
MATERIALS AND METHODS

Algal cultures and experimental protocol
Chlamydomonas reinhardtii cultures were obtained from the Culture Collection of Algae and Protozoa (culture 11/32B; Cumbria, UK). Maintenance and experimental culturing were performed axenically in modified high-salt media [22] with an ionic strength of approximately 20 mEq/L (Table 1) under constant illumination at 100 Ϯ 10 mol/m 2 /s of photosynthetically available radiation, with an ambient temperature of 25 Ϯ 0.5ЊC and rotary agitation (ϳ120 rpm). Cells in the endexponential growth phase were inoculated in the culture media by addition of the volume needed to obtain an initial density of 2,500 cells/ml. They were collected 48 h later (corresponding to the end of their exponential growth phase) by filtration on a 2-m polycarbonate filter membrane (Poretics, Minnetonka, MN, USA). The recovered cells were rinsed five times with 5-ml aliquots of selenium-free exposure medium (see below) and resuspended in 3 ml of the same medium. They were then transferred to polycarbonate Erlenmeyer flasks containing 200 ml of exposure medium for a short period of time (60 min) to fixed levels of 75 Se (as Se(IV), H 2 SeO 3 , in 0.01 M HCl; Riso, Roskilde, Denmark), obtained by addition of the required volume of the stock solution. A 1-ml sample of solution was taken from the exposure medium before exposure for analysis of the selenium concentration. The exposure medium consisted of a simplified culture medium, without trace metals, of varying pH and concentrations of sulfate, phosphate, nitrate, and dissolved inorganic carbon, depending on the experiment. Short-duration experiments using low cell densities were performed to minimize changes to the exposure medium because of nutrient consumption and release of exudates. Cell densities and mean cell diameters were measured for each experiment using a Coulter Z2 particle counter (Beckman Coulter, Roissy, France). Cell densities usually were approximately 100,000 cells/ml, and mean cell diameter varied between 4.5 and 5 m. Variations in cell size and biomass were negligible over the short exposure periods used. After exposure, cells were collected by filtration on two superimposed, 2-m filter membranes (the role of the lower membrane being to determine the quantity of Se(IV) adsorbed on the membrane filters). Half of the exposed cells were rinsed (five times with 5 ml of selenium-free exposure medium) to remove Se(IV) adsorbed on the cell membrane, thus representing the intracellular or absorbed fraction; the remaining half were not rinsed, thus representing both adsorbed and absorbed selenium. The adsorbed fraction was estimated by the difference in selenium content between rinsed and nonrinsed cells.
Harvested cells were acid-digested in borosilicate scintillation vials at room temperature for at least 12 h by 1-ml aliquots of concentrated (65%) nitric acid. Samples were then slowly evaporated to dryness on a heated sand bed. The mineralized residues were redissolved in 1 ml of 1% (v/v) HNO 3 , and 19 ml of scintillation cocktail were added (Instagel; Packard Instrument, Rungis, France). Liquid scintillation counting (detection limit, ϳ40 mBq/sample; Quantulus 1220; Wallac Oy, Turku, Finland) was used to measure 75 Se activities. The activity of the lower membrane was subtracted from the activity of the upper one to account for Se(IV) adsorption on filter membranes.
Experiments were performed without the use of pH buffers. A minimum of three replicates was used for each experimental condition. Uptake results were normalized for the total algal surface area (the surface area of a single cell in exponential phase is ϳ70 m 2 ).
Speciation modeling
The J-Chess speciation program (Armines, Fontainebleau, France) was used to simulate Se(IV) speciation in the exposure solutions. The thermodynamic data were based on a compilation by Denison [23] , mainly from the databases from the Organisation for Economic Co-operation and DevelopmentNuclear Energy Agency [24] , the National Institute of Standards and Technology [25] , and the International Union of Pure and Applied Chemistry [26] , but also from a number of other published values critically selected from the literature. The selenium formation constant (K) and solubility product constant (K sp ) used, given at zero ionic strength and 25ЊC, are listed in Table 2 .
All calculations were constrained to a fixed-input pH for each exposure medium at equilibrium with the atmosphere (partial pressure of carbon dioxide [pCO 2 ] ϭ 3.16 ϫ 10 Ϫ4 atm) and a fixed Se(IV) concentration.
Characterization of transport
The first series of experiments was designed to study the dependence of both adsorption and absorption on exposure time and ambient Se(IV) concentration. Initial experiments were performed to determine the uptake rate in conditions under which it was expected to be maximal. Because selenium absorption could be inhibited by sulfate [6, 16, 27] or phosphate [16, [18] [19] [20] 28] , the exposures were performed in the absence of those nutrients. Therefore, the exposure medium used was a simplified culture medium, without sulfate, phosphate, or trace metals. The corresponding medium ionic strength was approximately 19.4 mEq/L, similar to the ionic strength of the standard culture medium (ϳ20 mEq/L), and was not significantly affected by the addition of 75 Se stock solutions. Experiments were performed at pH 7.0.
Uptake kinetics
The objective of this first experiment was to determine Se(IV) adsorption levels and initial absorption kinetics. Adsorption usually is a rapid phenomenon, whereas absorption is much slower. Hence, on a short time scale, it is expected that adsorption rapidly reaches a steady state, whereas absorption increases linearly with time.
Algae were exposed in the exposure medium described earlier to a total selenium concentration of 50 nM, which is close to the waterborne U.S. Environmental Protection Agency national criterion for selenium (5 g/L, ϳ63 nM). Selenium adsorption and absorption were measured after exposure periods of 0, 15, 30, 45, and 60 min. Results were expressed on an algal-surface basis (nmol/m 2 ). They were then normalized with respect to the measured selenium concentrations (nmol/ m 2 /nM). Finally, the slope of the linear regression with time was used to give an estimation (with a 95% confidence interval) of the initial conductance (nmol/m 2 /nM/h).
Concentration dependence of Se(IV) uptake
With a steady-state approach and saturable uptake of a given trace element, membrane transport of an ion I is commonly described by the classical Michaelis-Menten enzymatic model. 2 /h) is the maximum uptake rate, and K m (M) is the half-saturation constant (concentration of the ion in solution at which the uptake rate is half the maximum uptake rate). Three different ranges of Se(IV) were investigated: A low concentration range (0.5-50 nM), an intermediate range (0.5 nM to 2.5 M), and a high concentration range (50 nM to 5.5 mM). A fixed exposure time of 60 min was used. Fluxes were calculated at each concentration and log-transformed to achieve homogeneity of variance. Finally, an analysis of variance (ANOVA) completed by lowest-significant-difference (LSD) post-hoc comparisons was performed to test for significant differences between fluxes at different contamination levels.
Effect of varying anion concentrations
As an oxyanion, there could be competition for transport sites for Se(IV) with sulfate, phosphate, nitrate, or carbonate species; thus, the nutrient content of the medium could directly influence its assimilation by the cells. We therefore tested for the inhibition of Se(IV) uptake by increasing concentrations of those different potential competitors in solution. Ionic strength was not maintained at a constant level, because counter ions also could have an effect on transport. Addition of nitrate salts notably increased medium ionic strength by more than threefold. However, in the cases of sulfate, phosphate, and bicarbonate, the increases were less important (maximum increase in ionic strength of 17, 4, and 13%, respectively). In the culture medium, nutrient concentrations were not changed. Total Se(IV) concentration was 50 nM, and cells were exposed for 60 min at a pH of 7.0. Nonparametric Kruskal-Wallis rank sum tests were performed to test for any significant effect of increasing concentrations of the different elements.
Inhibition by sulfate, phosphate, and nitrate
To test for the possible competition of sulfate for Se(IV) accumulation, cells were exposed in a simplified culture medium, without phosphate or trace metals, to increasing concentrations of (0.08, 0. 
Inhibition by carbonate species
At equilibrium with the atmosphere (pCO 2 ϭ 3.16 ϫ 10 Ϫ4 atm), the concentration of dissolved inorganic carbon in an aqueous medium is pH-dependent. To test the effect of increasing concentrations of dissolved inorganic carbon at a fixed pH, we performed the exposure in closed systems at different pCO 2 values. The solutions were prepared by adding appropriate volumes of standard solutions of NaOH and NaHCO 3 to the Erlenmeyer flasks immediately before the exposure of algae and then rapidly sealing them to prevent CO 2 outgassing. The final solutions were designed to have the desired pH and total dissolved inorganic carbon concentrations in equilibrium with the gas volume of the sealed tubes, without the need for additional pH buffers. The exposure medium was a simplified culture medium, without sulfate, phosphate, or trace metals but with increasing concentrations of 50, 250, 500, Ϫ HCO 3 1,000, 2,500, and 5,000 M, corresponding to calculated pCO 2 values of 1-, 5-, 10-, 20-, 50-, and 100-fold the normal atmospheric pCO 2 , respectively. The ionic strength varied from approximately 19.4 to approximately 21.9 mEq/L. The pH and dissolved inorganic carbon concentrations were measured in samples of each medium immediately before and after the exposure to verify the effectiveness of our approach. Dissolved inorganic carbon concentrations were measured using a total organic carbon analyzer (Shimazu, Kyoto, Japan).
Links between Se(IV) speciation and transport: Effect of pH
Using simulations performed with J-Chess, we estimated the theoretical influence of pH on the distribution of the different Se(IV) species in our exposure medium. Because pH had a strong influence on the speciation of Se(IV), we used this parameter to investigate links between speciation and uptake. We exposed cells in a simplified culture medium, without sulfate, phosphate, or trace metals, to varying pH values of 5.0, 6.0, 6.5, 7.0, 7.5, and 8.0, adjusted by additions of either HNO 3 or KOH. Total Se(IV) concentration was 50 nM, and cells were exposed for 60 min. The pH was measured at both the beginning and the end of the experiments. Results were analyzed by the nonparametric Kruskal-Wallis rank sum test for any significant effect of increasing pH.
The Statistica 6.1 software package (StatSoft, Tulsa, OK, USA) was used to perform all statistical analyses.
RESULTS AND DISCUSSION
Adsorption on algal cells
Total Se(IV) uptake was not significantly different from intracellular uptake for any experimental condition, indicating that the adsorbed fraction was negligible compared to the absorbed one. In the literature, contrasting results concerning the importance of selenium adsorption to the cell surface can be found. Previous use of live and dead cells has given opposite trends [8, 14, 15] . Our own observations are coherent with the general tenet that negatively charged functional groups at the cell surface are more likely to repulse than to attract oxyanions, thus limiting adsorption.
Uptake kinetics
Results from the kinetic experiments showed an increase in intracellular Se(IV) concentrations over the 60-min exposure periods (Fig. 1) . The calculated absorption conductance, given by the slope of the linear regression, was 0.19 nmol/m 2 / nM/h, with a 95% confidence interval of between 0.13 and 0.26 nmol/m 2 /nM/h. The intercept of the linear regression was not significantly different from zero (p Ͼ 0.5), indicating the absence of residual surface-bound Se(IV). The measured conductance was consistent with the conductance estimated by Riedel and Sanders [16] for the same alga (ϳ0.27 nmol/m 2 / nM/h). This value is close to the conductance measured in similar experimental conditions for chloride (0.33 nmol/m 2 / nM/h [29] ). Because of the negative membrane potential, the Environ. Toxicol. Chem. 25, 2006 H. Morlon et al. transport of anions into the cell is unlikely to occur by simple passive diffusion down the electrochemical gradient through ionic channels, as can be the case for some cations. For instance, anions, such as phosphate and sulfate, are cotransported into the cell by a sodium symport mechanism. More generally, transport of anions is ensured by active anion/proton symport mechanisms or anion/anion antiport mechanisms that are energetically costly. The measured conductance of Se(IV) may be explained by the existence of a specific transport system for Se(IV). Because selenium has been demonstrated to be essential for many plants and algae, including Chlamydomonas sp. [1] , selenium-specific transporters could exist. Another explanation could be the ''accidental'' transport of Se(IV) through nonspecific transporters by ion mimicry.
Concentration dependence of Se(IV) uptake
Transport of Se(IV) was characterized by three successive experiments (Figs. 2 and 3 ). For intermediate Se(IV) ambient concentrations up to 2.4 M, results showed a linear intracellular uptake, with no saturation pattern ( Fig. 2A) . The corresponding estimated conductance (slope of the linear regression between uptake and measured ambient concentration) was 0.2 nmol/m 2 /nM/h, with a 95% confidence interval ranging between 0.15 and 0.22 nmol/m 2 /nM/h, which is in agreement with the conductance estimated during the uptake kinetics experiment. Fluxes calculated for each exposure concentration are reported in Table 3 . Results of the ANOVA showed no difference between fluxes in the measured 6.0 nM to 2.4 M range (ANOVA and LSD post-hoc test, p Ͼ 0.05). The flux observed at the lowest concentration (0.5 nM) was significantly higher than that seen for all other fluxes (approximately one order of magnitude; ANOVA and LSD post-hoc test, p Ͻ 0.0005), suggesting that a saturation of involved transporters could occur at very low concentrations.
Results from a second series of experiments using concentrations ranging from 60 nM to 5.3 mM showed a saturation of absorption in the micromolar range (Fig. 2B) , with conductances decreasing significantly with increasing Se(IV) concentrations ( Table 2) . Results of the ANOVA showed significant differences for each treatment against one another (AN-OVA and LSD post-hoc test, p Ͻ 0.0005), except for the 500 nM treatment against the 60 nM treatment (p Ͼ 0.05). The fit of a Michaelis-Menten curve to concentration uptake data (Fig.  2B ) (r 2 ϭ 0.84, p Ͻ 0.0001) allowed the estimation of Michaelis-Menten constants. The maximum uptake rate (V m ) was computed to be 55.6 Ϯ 6.9 mol/m 2 /h; however, data were too variable to give an accurate estimation of the K m value (500 Ϯ 240 M). Note that Se(IV) aqueous speciation modeling indicates that our experimental medium becomes slightly oversaturated with respect to both calcium and magnesium Se(IV) mineral phases at the highest concentration tested (meaSelenite uptake by the green alga Chlamydomonas reinhardtii Environ. Toxicol. Chem. 25, 2006 1413 sured total Se(IV), 5.3 mM). However, even if the thermodynamic equilibrium is reached, which is uncertain considering the expected slow kinetics of mineral formation, the calculated remaining dissolved concentration of Se(IV) is approximately 3 mM. Finally, in an attempt to characterize Se(IV) transport at low concentrations (0.5-50 nM), we found that conductances decreased rapidly with increasing Se(IV) concentrations and then stabilized around a value of 0.2 nmol/m 2 /nM/h (Fig. 3) , which supports our previous observation at 0.5 nM Se(IV) ( Table 3 ). This suggests the presence of few very-high-affinity transporters that become rapidly saturated at subnanomolar concentrations. The conductance was significantly higher at 0.5 nM compared to that estimated at any other concentration (Fig. 3 ) (ANOVA and post-hoc LSD test, p Ͻ 0.005).
Many studies relating Se(IV) uptake to Se(IV) concentration have suggested a linear relationship over a given concentration range [14, 21] . Our results suggest that absorption follows two successive Michaelis-Menten kinetics, one with low constants and one with high constants, so that the relation appears to be linear in a broad range of intermediate concentrations, including those ranges used by Boisson et al. [8] as well as Riedel and Sanders [16] -that is, from approximately 1.3 to 13 M and approximately 12 to 650 nM, respectively.
Based on these results, we suggest that Se(IV) transport is biphasic. In other words, transport occurs by two different mechanisms, depending on the ambient concentration.
The higher conductances found at low concentrations suggest the presence of a high-affinity transport system at low Se(IV) levels that is rapidly saturated, which in turn suggests that the transporters involved are scarce. The saturation of a high-affinity transport system at low concentrations (ϳnM) is supported by previous results from Baines and Fisher [30] , who showed a great variation of cellular selenium concentration between 0.01 and 0.1 nM of added Se(IV) and stabilization at greater than 0.15 nM in 13 of the 14 coastal and estuarine algal species tested. Given the essentiality of selenium for C. reinhardtii, the existence of a specific, constitutive seleniumtransport system would not be surprising.
At higher concentrations (Ͼ1 nM), Se(IV) uptake is linear up to micromolar levels. Increasing the ambient selenium concentrations further showed that this second mechanism also saturates, which strongly suggests a mediated (facilitated) ion transport. However, concentrations needed to saturate these ion transporters are high (ϳmM), with high K m and V m values, suggesting an uptake through numerous and nonspecific transporters. Previous experiments have shown that selenium becomes toxic at such high concentrations (ϳM) [9, 10] , modifying algal metabolism and, thus, probably also uptake rates; however, such toxic effects might not appear in short-term experiments, during which only initial uptake rates are measured. These numerous and nonspecific transporters could be those used by sulfate, phosphate, nitrate, or carbonate species. This would be consistent with the idea that contaminants forming oxyanions could be transported through the numerous and poorly selective channels used by those anions [17] .
Effect of varying anion concentrations
Selenite uptake was significantly inhibited by increasing concentrations of sulfate (whether sulfate was added as K 2 SO 4 or as Na 2 SO 4 ; p ϭ 0.014 and p ϭ 0.045, respectively) (Fig.  4) and nitrate (p ϭ 0.01) (Fig. 5 ) but was independent of phosphate and dissolved inorganic carbon levels (p Ͼ 0.05) Environ. Toxicol. Chem. 25, 2006 H. Morlon et al. ( Fig. 6 ). Based on thermodynamic modeling, Se(IV) speciation remained virtually constant throughout all of these experiments. Hence, the effects observed are not expected to be influenced by changes to Se(IV) speciation. Addition of sulfate, phosphate, and bicarbonate salts increased the ionic strength of the medium very slightly, whereas addition of the nitrate salts increased it notably. Among other factors, variation of the ionic strength involves modification of the surface charge potential of the biological membrane. However, it is expected that increasing ionic strength tends to enhance anion uptake because of the tendency for charge neutralization of the negatively charged interface. The inhibitions observed thus are likely to be caused by competition between Se(IV) and the tested anions.
A number of complex interacting factors influence element accumulation by phytoplankton. Few studies have considered the influence of major nutrients on metal uptake; the nutritional status of the cells has effects on assimilatory pathways and can influence uptake through several mechanisms. Under nutrient limitation, weakened algae can be more sensitive to toxic metals [31] . The inhibition of cellular growth rate induced by metal deficiency also can lower the biodilution rate, thus increasing cellular metal concentration [21] . On the contrary, nutrient enrichment can increase metal uptake in correlation with an enhanced metabolism [28] . In the case of anionic contaminants, the effect of nutrients is even more complicated because of the possible direct competition for binding to membrane-transport sites if common transport systems are involved [17] . Studies investigating the effect of dissolved inorganic carbon on metal uptake are scarce, probably because of the experimental difficulty in maintaining a constant pH with varying dissolved inorganic carbon concentrations without using buffers. Carbonate species were shown to inhibit uptake Ϫ TcO 4 by several cyanobacterial species, probably because of a competition for transport sites [32] . Such competition did not occur in our experiments in the case of Se(IV) and C. reinhardtii. An antagonism between Se(IV) and phosphate was found for several freshwater algae, including C. reinhardtii [16, 19, 20] , and also in marine species [18] . The authors proposed that selenium might be transported as a phosphate analog when ambient phosphate concentrations are low. However, Se(IV) absorption was not inhibited by increasing phosphate concentrations in our experiments. The difference observed could be related to the shorter exposure periods used and to the fact that our algae were not acclimated to a phosphate-depleted medium. The phosphate-limited cells usually are quite sensitive to metals: Phosphate depletion may influence metal exclusion [28] . These processes might occur on longer time scales than those we examined, for which only the initial transport rates were studied.
As group VI elements, selenium and sulfur share many chemical properties. Selenium has been shown to compete with sulfur for assimilation pathways in several organisms [6, 27, 33, 34] . Several studies of algae, bacteria, and other organisms have shown an inhibition of Se(VI) uptake by sulfate [16, 27, 34] , and one study of bacteria has shown an inhibition of both Se(VI) and Se(IV) by sulfite [35] . To our knowledge, the present study is the first report of an inhibitory effect of sulfate on Se(IV) uptake in algae. Moreover, the inhibition occurs at sulfate concentrations in the range of those that can be found in the environment. Given the chemical similarity between selenium and sulfur, the inhibition induced by sulfate is likely to be caused by a direct competition for transport sites. The low affinity of Se(IV) for the transporters involved is proved by the high K m value (500 M). Given the pattern of the inhibition by sulfate (less than twofold decrease of Se(IV) absorption for a 10-fold increase of sulfate concentrations) and the fact that sulfate only was not sufficient to inhibit Se(IV) uptake completely (a constant influx of Se(IV) [exposure concentration, 50 nM] was observed at sulfate concentrations Ͼ 800 M), the affinity of sulfate for the transporters is not expected to be much higher than that of Se(IV). Sulfate has been shown to be transported via biphasic transporters: One of high affinity, and one of low affinity. Transporters shared by Se(IV) and sulfate may be the low-affinity transporters of sulfate.
A similar antagonism has been shown between sulfate and two other oxyanions, molybdate and chromate. This was related to uptake by the cells' sulfate transport system [17] . Thus, uptake of oxyanions via the low-affinity transport system of sulfate could be a general phenomenon.
Major differences between freshwater and marine algae in their metal accumulation exist in their response to different nitrogen conditions, presumably linked to the fact that nitrogen is the limiting nutrient for marine phytoplankton, whereas freshwater systems generally are limited by phosphate. The effect of nitrogen enrichment on metal uptake in freshwater green algae is still not clear. Studies dealing with the influence of nitrate on Se(IV) uptake have shown, variously, an inhibition [19] , an enhancement [28] , or an absence of effect [16, 18] on Se(IV) accumulation with increasing nitrate concentrations. In our experiments, Se(IV) was inhibited significantly by nitrate. However, the concentrations needed to observe an inhibition were high (ϳmM) and, thus, were not environmentally realistic. The inhibition could be linked either to a direct competition for transport sites or to an indirect effect on the activity of the transporter systems. Uptake of the oxyanion pertechnetate via a nitrate transport system has been shown [36] , and uptake of oxyanions via the low-affinity transport system of nitrate could be a general phenomenon. Further experiments would be necessary to understand which mechanism is responsible for inhibition of Se(IV) transport by increasing nitrate concentration.
Links between Se(IV) speciation and transport: Effects of pH
The predicted changes to Se(IV) aqueous speciation as a function of pH are shown in Figure 7A . Major Se(IV) species in the exposure medium were , , CaSeO 3 , and (Fig. 7B) . This experiment was repeated using cells that were preacclimated to the experimental pH values, and the results again varied significantly, but with no apparent meaningful pattern (Fig. 7C) .
It is well known that the pH of the medium can influence uptake of ions in several ways, including the modification of the overall algal surface charge, the speciation of ions in solution, and the properties of membrane transport mechanisms. The pH also modifies dissolved inorganic carbon concentrations of the media in open systems, but because we did not find any effect of dissolved inorganic carbon concentration on Se(IV) uptake, we neither controlled nor measured dissolved inorganic carbon concentrations in our exposure media. An increased uptake of Se(IV) at low pH values might be expected as a result of protonation of the anionic surface groups of the membrane interface and the consequent reduction to the negative surface charge potential, but this was not evidenced. The predicted changes to the concentrations of the different Se(IV) species did not translate to a clear increase or decrease of accumulation, as would be expected if accumulation was linked to a particular species. We know of only one other study in which the influence of pH on Se(IV) accumulation was examined. It reported an increased Se(IV) uptake at low pH values (pH 5) compared to that at higher pH values (pH Ͼ6) [16] . The difference observed may be linked to the fact that those authors used longer exposure periods, higher ambient Se(IV) concentrations, and buffers to maintain a constant pH. Our results suggest that the effect of Se(IV) speciation on its bioavailability is less than other effects of pH on the physiology or metabolism of the alga. Poor selectivity of the involved transport systems with a consequent lack of discrimination between the different Se(IV) species could explain the absence of an effect of pH on Se(IV) bioavailability. Results could, however, be different at lower ambient Se(IV) concentrations, at which a specific transport may occur.
Note that the measured conductances varied between the different experimental conditions without affecting uptake trends between the different experiments or intraexperimental consistency. For example, compared to other experiments, in which the conductance was approximately 0.2 nmol/m 2 /nM/h, the measured conductance was approximately fourfold higher in the experiment investigating the influence of dissolved inorganic carbon concentration (Fig. 6B ) and in the experiment studying the influence of pH with preacclimation to the given pH (Fig. 7C ). This has been observed previously and may be explained by an intergenerational variability [30] .
CONCLUSION
Based on the present results and those available in the literature, it seems quite plausible that the transport of Se(IV) involves two mechanisms: A specific, high-affinity, but rapidly saturated transport system may be responsible for accumulation at low concentrations (ϽnM), and a less specific one when concentrations increase. The latter could be ensured by the numerous and poorly selective channels used by anionic macronutrients, an idea that is supported by the significant inhibition of Se(IV) uptake by sulfate and nitrate, and the apparent insensitivity of bioavailability to changes in chemical speciation. Hence, the inhibition effects observed might vary greatly, depending on the ambient Se(IV) concentration. Conductances are, indeed, higher at environmentally relevant levels of Se(IV) (in the ϽnM range), and uptake may be influenced by parameters other than those we studied. Moreover, the cycling of selenium in realistic environmental conditions can be complicated considerably by the interaction with major nutrients, more particularly sulfate. For example, large concentrations of sulfate usually encountered in mining effluents could mitigate the impact of selenium on phytoplankton. On the other hand, bioconcentration factors determined under laboratory conditions, which typically use high nutrient concentrations, may underestimate the accumulation and potential toxicity of selenium to phytoplankton.
